Increased fruit and vegetable consumption may protect against lung cancer, although epidemiologic findings are inconclusive. The authors prospectively examined associations between lung cancer risk and intakes of fruit, vegetables, and botanical subgroups in 472,081 participants aged 50-71 years in the National Institutes of Health (NIH)-AARP Diet and Health Study. Diet was assessed at baseline (1995)(1996) with a 124-item dietary questionnaire. A total of 6,035 incident lung cancer cases were identified between 1995 and 2003. Total fruit and vegetable intake was unrelated to lung cancer risk in both men and women. Higher consumption of several botanical subgroups, however, was significantly inversely associated with risk, but only in men. For example, the relative risks of lung cancer among men in the highest versus lowest quintiles of intake of rosaceae, convolvulaceae, and umbelliferae were 0.82 (95% confidence interval (CI): 0.73, 0.91), 0.86 (95% CI: 0.75, 0.96), and 0.86 (95% CI: 0.78, 0.96), respectively; corresponding relative risks in women were 0.97 (95% CI: 0.85, 1.12), 0.95 (95% CI: 0.83, 1.09), and 0.92 (95% CI: 0.80, 1.06). These results provide support for a protective role of specific botanical subgroups of fruits and vegetables in lung cancer prevention in men, although the findings could also be due to residual confounding by smoking or chance.
Lung cancer is the second most commonly diagnosed malignancy and the leading cause of cancer-related death among men and women in the United States (1) . Given the poor overall 5-year survival rate (16%) and the lack of a proven effect of screening on lung cancer mortality (1), primary prevention remains the most effective way to reduce the health burden of this disease.
Cigarette smoking is the predominant cause of lung cancer, accounting for approximately 90% of all cases (2) . Although cessation is the most effective preventive strategy among smokers, it is exceedingly difficult to quit. Even if they are successful, former smokers continue to have an increased risk of lung cancer compared with nonsmokers throughout their lifetime (2) , and their options for primary prevention are unclear. Relatively few studies have examined risk factors for lung cancer in nonsmokers, even though 10% of lung cancer patients in the United States have never smoked (3) .
Cigarette smoke contains reactive oxygen and nitrogen species that cause oxidative DNA damage when inhaled (4) . Fruits and vegetables are rich sources of free-radicalscavenging antioxidant nutrients, including carotenoids and vitamin C, and may therefore protect against oxidative insults associated with cigarette smoking. Most prospective cohort studies have shown modest inverse associations between fruit and/or vegetable consumption and lung cancer risk (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) , and both a pooled analysis of 8 studies (16) and a separate meta-analysis of 11 studies (17) indicated that this was driven primarily by fruit, not vegetable, intake. With the exception of cruciferous vegetables and citrus fruits, most botanical groupings of fruits and vegetables-classified according to their phytochemical content and proposed mechanisms of biologic action-have not been extensively investigated in epidemiologic studies of diet and lung cancer risk.
We prospectively examined whether fruit and vegetable consumption and intakes of specific botanical groups were related to lung cancer risk in the National Institutes of Health (NIH)-AARP Diet and Health Study. With over 6,000 incident lung cancer cases available for analysis, this is the largest prospective study to date to have examined these hypotheses.
MATERIALS AND METHODS

Study population
The NIH-AARP Diet and Health Study was initiated in 1995-1996 when an extensive baseline questionnaire was mailed to 3.5 million AARP members aged 50-71 years residing in one of 6 US states (California, Florida, Pennsylvania, New Jersey, North Carolina, and Louisiana) or 2 US metropolitan areas (Atlanta, Georgia, and Detroit, Michigan) (18) . This questionnaire ascertained information on usual dietary intake over the past 12 months, use of individual and multivitamin supplements, smoking history, and other risk factors. A total of 617,119 persons returned the baseline questionnaire, and 567,169 questionnaires were determined to have been satisfactorily completed.
Among the 567,169 persons who returned the baseline questionnaire, we excluded those with duplicate questionnaires (n ¼ 179), those who had died or moved out of the study area prior to baseline (n ¼ 582), those who withdrew from the study (n ¼ 6), those who had questionnaires completed by proxy respondents (n ¼ 15,760), those who had been previously diagnosed with cancer (except for nonmelanoma skin cancer; n ¼ 51,205), and those with extreme values for total energy intake (beyond twice the interquartile range of Box-Cox log-transformed intake, corresponding to <415 kcal/day and >6,144 kcal/day for men and <317 kcal/day and >4,791 kcal/day for women; total n ¼ 4,434). We also excluded subjects who reported extreme intakes of fruits and vegetables (<0.02 and >24 pyramid servings per day for men and <0.07 and >25 pyramid servings per day for women; total n ¼ 4,394) and those with missing or inconsistent information on smoking habits (n ¼ 18,528). After these exclusions, 281,288 men and 190,793 women were available for analysis.
The NIH-AARP Diet and Health Study was approved by the Special Studies Institutional Review Board of the National Cancer Institute.
Smoking history
Smoking history was determined using responses to 3 specific questions on the baseline questionnaire: 1) ''Have you smoked 100 or more cigarettes during your entire life?'' (yes, no); 2) ''Do you currently smoke cigarettes or have you stopped?'' (current smoker, stopped within last year, stopped 1-4 years ago, stopped 5-9 years ago, stopped 10 or more years ago); and 3) ''How many cigarettes per day do you or did you usually smoke?'' (1-10, 11-20, 21-30, 31-40, 41-60, or 61 cigarettes/day). Using this information, we constructed a multilevel categorical variable that integrated smoking status, time since quitting (for former smokers), and smoking dose (for both former and current smokers).
The questionnaire did not ascertain the age at which participants had started to smoke. Therefore, we estimated smoking duration using information obtained from the National Health Interview Survey, which found that, on average, respondents aged 50 years or more who had ever smoked at least 100 cigarettes began smoking at age 18 years, regardless of sex (19) . The smoking duration variable was created by assigning a value of 0 to never smokers, subtracting 18 years plus the midpoint value of the category corresponding to time since quitting (i.e., 2.5, 7.5, or 15 years for having stopped 1-4, 5-9, or 10 years previously, respectively) from the age at entry for former smokers, and subtracting 18 years from the age at entry for current smokers. Adjustment for estimated smoking duration (continuous) did not materially alter our findings, and we therefore excluded this variable from all multivariate models.
Dietary intake
The dietary component of the baseline questionnaire asked about the frequency of consumption and corresponding portion sizes of 124 food items, including 14 fruit items and 23 vegetable items, during the past 12 months. Participants were queried about their frequency of intake in 10 predefined categories ranging from ''never'' to ''2þ times per day'' for solid foods and ''never'' to ''6þ times per day'' for beverages. Each line item was accompanied by 3 possible portion size categories. The food items, portion sizes, nutrient database, and pyramid food servings database were constructed using methods developed by Subar et al. (20) with national dietary data from the US Department of Agriculture's 1994-1996 Continuing Survey of Food Intake by Individuals (21) . The Pyramid Servings Database utilized a recipe file to disaggregate food mixtures into their component ingredients and assign them to food groups. One pyramid serving of vegetables is equivalent to 1 cup of raw, leafy vegetables, ½ cup of other vegetables, or 6 ounces (178 mL) of juice; one pyramid serving of fruit equals 1 medium-sized piece of fresh fruit, ½ cup of chopped fruit, or 6 ounces of fruit juice (22) . We excluded white potatoes from the vegetable group. Fruits and vegetables were also grouped into botanical families, in which foods are classified according to their phytochemical content and proposed mechanisms of biologic action (23) . The contributors to fruits, vegetables, and specific botanical groups are listed in the Appendix.
The food frequency questionnaire was validated using 2 24-hour recalls in a subset of the cohort (24) . Energyadjusted correlation coefficients for total fruits and vegetables were 0.72 and 0.61 in men and women, respectively.
(ICD-O-3) (25), codes C340-C349) were identified through December 31, 2003 , via linkage of the NIH-AARP cohort database to the databases of the 8 state cancer registries and the National Death Index Plus. The cancer registries in all 8 states are certified by the North American Association of Central Cancer Registries as meeting the highest standard of quality (90% case ascertainment within 24 months of the close of the diagnosis year). In a validation study, we estimated that 90% of all cancer cases in our cohort were validly identified via linkage to state cancer registries, as compared with self-reports and medical records (26) .
A total of 6,035 incident lung cancer cases were identified (3, 
Statistical analysis
Follow-up time for each participant accrued from the date of return of the baseline questionnaire to the date of lung cancer diagnosis, the date of moving out of the registry ascertainment area, death, or the end of the follow-up period. Cox proportional hazards models with age as the underlying time metric were used to estimate relative risks and 95% confidence intervals for lung cancer according to sex-specific quintiles of intake of fruit, vegetables, and selected botanical groups. Tests for linear trend were conducted using the median value of each exposure category to create a continuous variable. The proportional hazards assumption was tested and upheld in all analyses. In addition to age, all multivariate models were adjusted for smoking status, smoking dose, and time since quitting (described above), body mass index (weight (kg)/height (m) 2 ; <25, 25-29.9, 30-34.9, 35), race (White, Black, other), educational attainment (<12 years, 12 years or high school equivalent, some college, college graduate or postgraduate), physical activity level (none, rarely, 1-3 times per month, 1-2 times per week, 3-4 times per week, 5 times per week), family history of any cancer (yes, no), and alcohol consumption (0, >0-4.9 g/day, 5-14.9 g/day, 15-29.9 g/day, 30 g/day). Consumption of fruit, vegetables, and individual botanical groups was adjusted for energy intake using the nutrient density method (27) and was expressed as pyramid servings per 1,000 kcal per day.
We examined whether the associations between plant food consumption and lung cancer risk varied according to subgroups defined by smoking status and histologic type of disease. We tested for effect modification by adding the relevant cross-product term to main-effects models.
For all comparisons, P values were 2-sided and a < 0.05 indicated statistical significance.
RESULTS
In both men and women, higher fruit and vegetable intake was associated with elements of a healthier lifestyle (Table 1) . Persons in higher quintiles were older, leaner, more physically active, and more likely to be a never smoker and to report a higher level of attained education, and they consumed less energy and alcohol than those in the lowest quintile. On average, men reported consuming 3 servings of total fruits and vegetables per 1,000 kcal per day and women reported consuming 4 servings per 1,000 kcal per day.
Higher intake of fruit and vegetables-overall and when analyzed separately-was strongly inversely associated with lung cancer risk in age-adjusted models in both men and women (for highest vs. lowest quintiles of total fruit and vegetable consumption, relative risk (RR) ¼ 0.41, 95% confidence interval (CI): 0.37, 0.46 (P < 0.0001) in men and RR ¼ 0.46, 95% CI: 0.41, 0.53 (P < 0.0001) in women). Addition of smoking status, smoking dose (in both current and former smokers), and time since quitting (for former smokers) to these models greatly diminished the apparent benefits of fruit and vegetable intake (RR ¼ 0.86, 95% CI: 0.77, 0.95 (P ¼ 0.003) in men and RR ¼ 0.92, 95% CI: 0.80, 1.06 (P ¼ 0.51) in women), with adjustment for additional covariates further attenuating risk estimates in both sexes (Table 2) ; there was no evidence of a dose-response trend. Mutual adjustment of total fruits and total vegetables did not alter the observed associations (data not shown).
In men, lung cancer risks tended to be somewhat lower in never and former smokers who consumed more fruits and vegetables, although none of the risk estimates were statistically significant and all P values for interaction were nonsignificant (Table 2 ). In women, there was little variation in the associations of fruits and vegetables with lung cancer across smoking categories (Table 2 ). There were no differences when fruit and vegetable intake was examined with respect to the different histologic types of lung cancer in either sex.
Consumption of most botanical groups was unrelated to lung cancer risk (Table 3 ). Significant inverse associations were noted, however, for intakes of rosaceae (apples, peaches, nectarines, plums, pears, and strawberries), convolvulaceae (sweet potatoes and yams), and umbelliferae (carrots) in men, with borderline inverse relations also apparent for compositae and cruciferae. No such beneficial relations were noted in women. Analyses using deciles of intake-undertaken in order to explore patterns of risk at the extremes of consumption-generally yielded results that were similar to those based on quintiles, although significant inverse associations emerged among men in the top decile of legume consumption (>0.69 servings per 1,000 kcal per day; RR ¼ 0.85, 95% CI: 0.74, 0.98; P ¼ 0.07) and among women in the top decile of rutaceae (citrus) fruit intake (>1.51 servings per 1,000 kcal per day; RR ¼ 0.80, 95% CI: 0.66, 0.97; P ¼ 0.28).
Smoking status significantly modified the association between intakes of convolvulaceae, umbelliferae, cruciferae, chenopodiaceae, and gramineae foods and lung cancer risk in men (P's for interaction ¼ 0.005, 0.008, 0.05, 0.003, and 0.04, respectively), with the protective effects being limited . b Defined as engaging in physical activity for at least 20 minutes that caused increases in breathing or heart rate or worked up a sweat.
c Includes Hispanics, Asians, Pacific Islanders, and American Indians/Alaska Natives. to former smokers in each instance (Table 4) . With the exception of compositae intake (P ¼ 0.02), associations between specific botanical groups and lung cancer risk did not vary according to smoking status in women (Table 4 ; all P's > 0.05). In analyses stratified by histologic type, among men, higher consumption of the compositae group was most protective against squamous cell carcinoma (for highest quintile vs. lowest, RR ¼ 0.74, 95% CI: 0.58, 0.93; P ¼ 0.02), whereas intake of cruciferae was most strongly protective against small cell carcinoma (RR ¼ 0.74, 95% CI: 0.55, 0.99; P ¼ 0.10). Among women, notable inverse associations were observed between squamous cell carcinoma and intakes of musaceae (RR ¼ 0.66, 95% CI: 0.45, 0.96; P ¼ 0.02) and rutaceae (RR ¼ 0.65, 95% CI: 0.45, 0.96; P ¼ 0.04) foods, whereas higher consumption of umbelliferae foods was related to a lower risk of undifferentiated large cell lung cancer (RR ¼ 0.52, 95% CI: 0.28, 0.94; P ¼ 0.03). Exclusion of lung cancer cases diagnosed during the first year of follow-up (n ¼ 459 in men and n ¼ 264 in women) resulted in slightly stronger inverse associations between fruit and vegetable intake and lung cancer risk in men, with virtually no changes in risk estimates in women (data not shown).
DISCUSSION
In this large prospective study, we observed no relations between total intake of fruit and vegetables combined or total fruit or total vegetable consumption considered separately and lung cancer risk. Higher consumption of several botanical groups, however, including rosaceae (apples, peaches, nectarines, plums, pears, and strawberries), convolvulaceae (sweet potatoes and yams), and umbelliferae (carrots), was significantly inversely associated with lung cancer risk in men. Smoking status modified these relations, with the most pronounced inverse associations being apparent in former smokers; no such effect modification was noted in women.
More than 10 prospective studies have examined whether higher fruit and vegetable consumption is associated with a decreased risk of lung cancer, with most (5-15), though not all (28, 29) , showing some degree of protection. Both a pooled analysis (16) and a meta-analysis (17) of these reports indicated that fruit consumption was primarily responsible for the observed beneficial associations. In several studies, investigators further analyzed the relation of individual plant foods and/or plant food groups with lung cancer risk; the most consistent findings were for apples and pears (5, 6, 9) , cruciferous vegetables (5, 11, 14) , and citrus fruits (5, 14) . In the present study, we found an inverse association between consumption of rosaceae foods (apples, peaches, nectarines, plums, pears, and strawberries) and lung cancer risk in men but observed no such relation for rutaceae (citrus) intake. While increased consumption of cruciferous vegetables was associated with modest reductions in risk among men in our study, these findings were of borderline statistical significance. Similarly to Knekt et al. (8), we demonstrated a strong reduction in lung cancer risk among men who consumed higher amounts of carrots.
A relatively large number of lung tumors (311 total: 141 in men, 170 in women) were diagnosed among never smokers in our cohort, which enabled us to examine the relation between plant food intake and lung cancer risk in a subgroup that was free from possible residual confounding by smoking habits. Several previous studies showed that the protective effects of fruit and/or vegetable consumption were strongest in current (9, 14, 15) or former (13) smokers, whereas 2 reports identified a significant beneficial association between total fruit intake and lung cancer risk in never smokers (5, 10). We did not observe significant inverse relations between overall fruit and vegetable intake and lung cancer risk in any smoking stratum, although analyses of individual botanical groups revealed that, in men, the most pronounced inverse associations occurred in former smokers.
It is unclear why beneficial associations between intakes of several botanical groups and overall lung cancer risk were restricted to males in our cohort. Men and women appear to have similar risks of lung cancer in response to a given level of tobacco exposure (30) , although there is evidence that the biology of the disease differs between the sexes. Hormonal (i.e., estrogen), genetic, and metabolic factors may contribute to these differences (30) . The observed gender differences may also be related to differential reporting errors, with women being more likely to overreport consumption of foods perceived as healthy (31, 32) . Any ensuing exposure misclassification could have attenuated modest associations between fruit and vegetable intake and lung cancer risk.
It is not known which bioactive compounds in specific botanical classes of fruits and vegetables might be responsible for a protective effect of these foods against lung cancer. Plant foods are rich sources of a myriad of potentially anticarcinogenic substances, including antioxidant nutrients, folic acid, and fiber (33) . In our analysis, we observed that increased consumption of umbelliferae, convolvulaceae, and rosaceae foods was associated with a decreased risk of lung cancer in men. Carrots are a major contributor to the umbelliferae botanical group and sweet potatoes are part of the convolvulaceae family; both of these root vegetables are rich sources of pro-vitamin A carotenoids, including beta-carotene, and vitamin C. Both micronutrients are powerful free-radical-scavenging antioxidants, with beta-carotene additionally serving as a precursor of vitamin A-an essential regulator of epithelial cell division, growth, differentiation, and proliferation (34, 35) . However, 2 randomized controlled trials demonstrated that supplemental beta-carotene increased the risk of lung cancer in smokers (36, 37) , which contradicted the large body of observational data that consistently showed higher dietary intake of this micronutrient to be linked with a lower risk of lung cancer (38) . These discrepancies probably arose because supplements contain only large quantities of a single nutrient, whereas dietary antioxidants are likely to exert their protective effects through interactions with other vitamins and phytochemicals found in the same food sources. Furthermore, beta-carotene appears to exhibit distinct biologic functions at different concentrations: It is an effective antioxidant at low doses but adversely alters retinoid signaling through an antioxidant-independent mechanism at higher e Adjusted for age, energy intake, race, education, body mass index, current smoking dose, alcohol intake, physical activity, and family history of any cancer. levels (38) . The rosaceae botanical family includes foods that are rich in flavonoids-a group of phytochemicals with demonstrated antioxidant activity (39) . Several prospective studies have shown an inverse association between flavonoid intake (particularly quercetin, which is concentrated in apples) and lung cancer risk (40) . Analyses of the relation of lung cancer to individual antioxidant nutrients, including carotenoids, flavonoids, tocopherols, vitamin C, and selenium, in the NIH-AARP Diet and Health Study are under way.
Strengths of this study include its prospective design, the large number of incident lung cancer cases, including a substantial number of cases in never smokers, a wide range of self-reported fruit and vegetable intakes, and our ability to control for a large number of potentially important confounders. Additional strengths include investigation of botanical subgroups and our ability to evaluate whether relations varied by histologic type of disease. A limitation is the lack of information on smoking duration, although we were able to estimate it using data on age at smoking initiation from the National Health Interview Survey-a nationally representative sample of the civilian noninstitutionalized population of the United States (19) . Addition of this variable to multivariate models did not alter any of the risk estimates. Nevertheless, it is still possible that our significant subgroup findings could be explained by inadequate control for smoking characteristics, as it is well-known that cigarette smoking is highly associated with patterns of nutrient intake, including fruit and vegetable consumption (41, 42) . Furthermore, we had no information on passive smoke exposure, which could have confounded the observed relations. Another limitation is that we relied on 1 measure of fruit and vegetable consumption from a food frequency questionnaire, which is an instrument that is subject to measurement error (43) . Furthermore, we ascertained intake in middle age, which may not be the etiologically relevant exposure period. Finally, we performed a large number of statistical tests, and some of our significant associations could have been due to chance.
In summary, we found that increased consumption of several botanical groups, but not overall fruit and vegetable intake, was associated with modest reductions in lung cancer risk, with the former results being evident only in men. Although provocative, our findings should be interpreted with caution since they could be due to chance. Because smoking remains the predominant risk factor for lung cancer, public health efforts should continue to focus primarily on smoking prevention and cessation as a means of reducing the incidence of and mortality from this lethal disease.
